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Abstract 
The paper presents a method for monitoring CO2 leakage in geological carbon dioxide sequestration. 
The unsteady state dispersion of leakage CO2 from geosequestration simulation results showed that the 
ensemble trend of elevated concentration caused by CO2 leakage can be viewed as a concentration step 
change perturbation to the background variation and the initial stage of dispersion process is an increasing 
variation. The correlation between O2 and CO2 variation is well linear if there is no leakage. The external 
linear perturbation decreases the correlation coefficient. Moreover, too large step change concentration 
will also reduce the average correlation coefficient. Therefore, online correlation analysis between O2 and 
CO2 in atmosphere is useful to distinguish the leakage CO2 from complex background variation 
especially at the beginning of leakage occurring.  
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Carbon capture and sequestration (CCS) is a developing technology [1, 2, 3] for CO2 reduction in 
global world. Besides the capture and storage technologies [2-4], another important part in this technology 
is CO2 monitoring, verification, and accounting (MVA) 
[5-9]. Because abnormal concentration or flux of 
CO2 leakage from geosequestration is so little that it may be hidden in large background variation 
[5]. 
Although many methods have been proposed to be used in CO2 leakage monitoring 
[5-6], most of them are 
not able to distinguish abnormal leakage in real time. 
The main purpose of this article is to develop a method which can recognize the CO2 leakage from 
geosequestration in real time based on online correlation analysis between CO2 and O2 in atmosphere. 
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Nomenclature 
Ce          elevated concentration     
Cp peak concentration 
ts                   stabilization time  
Fst          step change function a 
Flinear      linear perturbation function. 
kc_linear     accumulation rate of linear perturbation function 
Cst          step change concentration 
r             correlation coefficient 
X            downwind distance 
Y             crosswind distance 
Z              vertical distance 
2. Relation between atmospheric O2 and CO2  
It is known that CO2 is mainly produced by biomass dissimilation in ecosystem and fuel firing in 
human life and industrial process while O2 is consumed in these processes. In ecosystem, O2 will be 
produced inversely by assimilation process, which is a revisable process of dissimilation. The exchange 
ratio of O2 and CO2 in biomass metabolism process is stabilized near 1.1
[10, 11, 12]. On the contrary, the fuel 
firing is an irreversible process and this process is a main accumulation source of CO2 in atmosphere. The 
exchange ratio of O2 and CO2 varies from about 1.1 for coal to 2.0 for methane in this process 
[10, 11, 12]. 
Therefore, the exchange ratio of O2 and CO2 in small space and time scales is stable if there are no 
other CO2 sources. Hence, the concentration and flux of O2 in atmosphere will be correlated with CO2 if no 
leakage occurs. In other word, there is a linear dependence between the variation of O2 and the variation of 
CO2 under no leakage environment. If the leakage occurs, this linear correlation between O2 and CO2 will 
be changed. The linear relationship will be broken or a new relationship will be formed.  
According to above analysis, analyzing the correlation between O2 and CO2 in atmosphere is 
promising to be used to distinguish the leakage CO2 from complex background variation. 
3. Simulation of CO2 leakage from geosequestration  
Here, the unsteady state atmosphere dispersion of leakage CO2 from geosequestration is simulated 
using computational fluid dynamics (CFD) software [13, 14], Fluent 13.0. The leakage rate is 32.0 g/s (1000 
tons per year), which is equivalent to 0.01% per year from a large-scale storage of 10 M tones CO2 (e.g. 
Otway Basin Pilot Project in southeastern Australia [15]). A 3-D model is built within 200.0 meters 
downwind distance (x direction), 50.0 meters crosswind distance (y direction, y=0 is midline) and 10.0 
meters height above ground (z direction). Assuming the leakage CO2 disperses over a bare soil surface, 
thus roughness height is 0. The wind speed is set with 5.0 m/s.  
The result of dispersion at 30.0 meters downwind distance along the midline with 1.0 meter height 
above ground is shown in Fig. 1. The unit of concentration is ppm, which is one in a million mole fraction 
of leakage gases. 
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Fig. 1. Unstable dispersion of leakage CO2 at 30.0 meters downwind distance along the 
midline with 1.0 meter height above ground 
It is shown from Fig. 1 that the elevated concentration (Ce) increases with time at the beginning of 
leakage occurring and then it gets to a peak concentration at one time. Further it decreases so slightly that 
the elevated concentration is treated as a stable value. Therefore, the ensemble trend of elevated 
concentration caused by leakage can be viewed as a concentration step change perturbation relative to the 
background variation and the initial stage of dispersion process is an increasing variation, as shown in the 
local amplifying part in Fig. 1. Therefore, the initial stage of leakage occurrence can be treated as a linear 
increasing perturbation. 
4. Correlation analysis between atmospheric O2 and CO2 
The atmospheric O2 and CO2 relative mole fraction data measured by Ralph F. Keeling are used here 
to analyze the correlation between O2 and CO2 in atmosphere
 [10]. Online least square regression (LSR) 
method [16] is adopted to compute correlation coefficient between atmospheric O2 and CO2. Fig. 2 
illustrates the results of online correlation analysis without leakage.   
 
Fig.2. Online correlation analysis between atmospheric O2 and CO2 without leakage 
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It can be seen from Fig. 2 that all correlation coefficient is larger than 0.7 during monitoring time 
and diurnal average value of correlation coefficient is 0.8473. The results prove that the concentration of 
O2 is correlated with that of CO2 very well if there is no CO2 leakage. 
5. Perturbation test experiments  
In order to test the effect of leakage perturbation on correlation between O2 and CO2 in atmosphere, a 
linear and a concentration step change is applied on the atmospheric data without leakage respectively. 
Following Eq. (1) and Eq. (2) are perturbation test functions, where Fst is concentration step change 
function and Flinear is linear perturbation function.
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Here, kc_linear in Eq. (1) is accumulation rate and Cst in Eq. (2) is step change concentration. 
5.1 Linear perturbation test experiment 
The accumulation rate kc_linear is set with 0.01, 0.03, 0.05, 0.08, 0.1 ppm/min respectively to study the 
response of online correlation coefficient to linear perturbation, as shown in Fig. 3.  
 
Fig. 3.Variance of online correlation coefficient with different accumulation rates 
It can be seen that linear increasing perturbation breaks the original correlation between O2 and CO2 
in atmosphere. The larger accumulation rate, the lower correlation coefficient is. 
The variations of diurnal average correlation coefficient with different accumulation rates are 
illustrated in Fig. 4, which shows that the average correlation coefficient decreases with an increase in 
accumulation rate linearly. 
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Fig. 4 .Variance of diurnal average correlation coefficient with different accumulation rates 
Therefore, online correlation analysis is useful to distinguish linear increasing perturbation from 
background CO2 variations. 
 
5.2 Step change perturbation test experiment  
On the other hand, correlation coefficient is computed in real time with 3, 5, 10, 20 ppm step change 
concentration respectively, as Fig. 5 shows.  
 
 
Fig. 5.Variance of online correlation coefficient with different step change concentrations 
It is shown from Fig. 5 that correlation coefficient is not changed except near the time that the 
perturbation is added. Too little step change perturbation cannot affect correlation coefficient obviously 
during the whole monitoring time due to the average effect, for example, Cst<5 ppm. The diurnal average 
coefficient is illustrated in Fig. 6. It can be seen that only larger step change (Cst>10 ppm) produces a 
decrease in diurnal average correlation coefficient. Hence, online correlation analysis is not sensitive to the 
step change perturbation. 
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Fig. 6.Variance of diurnal average correlation coefficient with different step change perturbations 
6. Discussions 
Because online least square regression (LSR) [13] is adapted to compute the correlation coefficient in 
real time, above results will be discussed further based on LSR calculation principle. 
It is know that the correlation coefficient between two sets of data (Xi, Yi) is calculated with following 
Eq. (3). 
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here, i is calculation step and n is the number of steps. Overbar means the average value during calculation 
period. If a perturbation variable C is added on Y, it becomes
iY Y C . Eq. (5) and Eq. (6) will be altered 
with corresponding variation of rxy. 
Assuming that C is a linear perturbation, 0C C i , where C0 is a constant, the variables correlated 
with Y will be changed, as following Eq. (7), Eq. (8), Eq. (9) and Eq. (10) show. 
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Therefore, when the linear perturbation is added on the initial data, the correlation coefficient 
becomes 
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which is related with the linear perturbation constant C0. 
On the other hand, if a step change perturbation is added, C=Cst, correlation coefficient is 
obtained by the following equations. 
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It can be known from above equations that correlation coefficient is sensitive to the linear perturbation 
but insensitive to the step change perturbation. However, it is also changed near the time that step change 
perturbation is added. Because the initial increasing stage during the leakage occurring can be represented 
by a linear perturbation, online correlation analysis is useful to distinguish the leakage CO2 from 
background variation at the beginning of leakage occurring. 
7. Conclusions 
An unstable dispersion of leakage CO2 from geological sequestration has been simulated using CFD 
method. The correlation between O2 and CO2 in atmosphere has been analyzed in real time to distinguish 
the CO2 leakage in geosequestration from background variation. Following conclusions are obtained. 
(1) At the beginning of leakage occurring, the variation of elevated concentration with time can be viewed 
as a linear increasing perturbation while the ensemble variation is a step change perturbation.  
(2) The correlation coefficient between O2 and CO2 variation in atmosphere is larger than 0.7 if there is 
no leakage occurring. Linear perturbation will break the correlation between O2 and CO2 in atmosphere 
and it will reduce the correlation coefficient. 
(3) Online correlation analysis is sensitive to linear perturbation but insensitive to the step change 
perturbation. 
(4) Online correlation analysis is able to distinguish the leakage CO2 in initial increasing stage during 
leakage occurring, which is a potential method to monitoring CO2 leakage in geosequestration. 
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